A cellulolytic and xylanolytic enzyme complex-producing alkalothermoanaerobacterium strain, Tepidimicrobium xylanilyticum BT14, is described. The cell was Grampositive, rod-shaped, and endospore-forming. Based on 16S rRNA gene analysis and various lines of biochemical and physiological properties, the strain BT14 is a new member of the genus Tepidimicrobium. The strain BT14 cells had the ability to bind to Avicel, xylan, and corn hull. The pH and temperature optima for growth were 9.0 and 60 o C, respectively. The strain BT14 was able to use a variety of carbon sources. When the bacterium was grown on corn hulls under an anaerobic condition, a cellulolytic and xylanolytic enzyme complex was produced. Crude enzyme containing cellulase and xylanase of the strain BT14 was active in broad ranges of pH and temperature. The optimum conditions for cellulase and xylanase activities were pH 8.0 and 9.0 at 60 o C, respectively. The crude enzyme had the ability to bind to Avicel and xylan. The analysis of native-PAGE and native-zymograms indicated the cellulosebinding protein showing both cellulase and xylanase activities, whereas SDS-PAGE zymograms showed 4 bands of cellulases and 5 bands of xylanases. Evidence of a cohesinlike amino acid sequence seemed to indicate that the protein complex shared a direct relationship with the cellulosome of Clostridium thermocellum. The crude enzyme from the strain BT14 showed effective degradation of plant biomass. When grown on corn hulls at pH 9.0 and 60 o C under anaerobic conditions, the strain BT14 produced ethanol and acetate as the main fermentation products.
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Keywords: Alkalothermoanaerobacterium, cellulolytic and xylanolytic enzyme complex, Tepidimicrobium xylanilyticum, corn hull, ethanol Bioconversion of plant biomass to ethanol has gained a great deal of attention worldwide because of the decline of fossil fuel and the increasing demand for energy [17, 49] . Cellulose and hemicellulose are the major components of plant biomass. Cellulose is a linear biopolymer of anhydroglucose units linked by the β-1,4-glycosidic bond. Generally, cellulose exists in crystalline forms connected with amorphous regions [29] . Hemicellulose contains the most abundant polysaccharide xylan. Xylan is composed of the β-1,4-linked D-xylosyl backbone with arabinose, glucuronic acid, or its 4-o-methyl ether and acetic, ferulic, and p-coumaric acids as substituents, depending on the sources of xylan [24] . In nature, a variety of bacteria and fungi produce cellulases and xylanases to hydrolyze these insoluble polysaccharides to soluble oligomers, and subsequently to monomers [6] . However, this conversion is quite difficult owing to the complex structure of plant cell wall designed to resist microbial degradation [34, 47] . Therefore, attempts are still being made to find the effective enzyme systems from various cellulolytic and/or xylanolytic microorganisms.
Generally, cellulolytic and xylanolytic microorganisms live either in the habitats where green plants grow or in the areas where dead plants are collected. Accumulation and decomposition of plant debris result in anaerobic condition and heat [51] . Anaerobic thermophilic bacteria are of interest since they produce thermostable enzymes [50] and are considered for ethanol production from plant biomass and fermentation at elevated temperature [27] . The wellknown thermophilic cellulolytic bacteria are Clostridium thermocellum [36] and C. stercorarium [32] with growth optima at 60-65 o C and at neutral pH [24] . Alkaline enzymes are produced by alkalophiles, the microbes whose pH optima for growth are 8-10 [2, 18] . Industries such as laundry detergent, leather, and paper require highly stable enzymes that are able to function and remain active at extreme pH and temperature. Alkaline cellulases and xylanases are extensively studied, and some are successfully applied in commercial detergents and paper bleaching processes [18] . However, cellulolytic and xylanolytic enzymes to date have been studied primarily with respect to bioconversion of plant biomass to more valuable products [7] .
Anaerobic bacteria produce effective enzyme systems to digest cellulose and hemicellulose. The most complex strategy is that several enzymes such as cellulases and xylanases are formed into extracellular multienzyme complexes called cellulosome [41] and xylanosome [21] . The cellulosomes have been typically found in the genus Clostridium, and some have been further identified in the genera Acetovibrio, Bacteroides, Butyrivibrio, and Ruminococcus [11] . The socalled clostridial cellulosome from C. thermocellum has been widely identified and characterized. The C. thermocellum cellulosome comprises various catalytic domains organized on the core protein called scaffoldin [5, 16] . The core protein contains noncatalytic domains, carbohydate-binding modules (CBMs), and cohesin domains. Each cohesin domain functions as a subunit-binding domain interacting with a dockerin domain of each catalytic component. Thus, the main responsibility of cohesin domains is to integrate all catalytic domains into the cellulosome [3] .
In this study, we isolated an alkalothermoanaerobacterium from a soil sample. The isolate was identified based on morphology, physiology, and 16S rRNA gene analyses. Some information on a cellulolytic and xylanolytic enzyme complex of this bacterium is reported.
MATERIALS AND METHODS

Chemicals
Carboxymethycellulose (medium viscosity, 400-800 cP), cellulose powder (Sigmacell Cellulose, Type 20; particle size=20 µm), and xylan from oat spelts were purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.). Crystalline cellulose, Avicel (Avicel PH-101), was purchased from Fluka (Ireland). All other reagents were of analytical grade.
Sampling Procedure
Soil samples were collected from a shrimp-cultivation pond at Bangkuntien in Bangkok, Thailand at depths of up to 20 cm below the surface. The sampling sites were the edges of the shrimpcultivation pond in which the accumulation of plants was present. The samples were kept anaerobically in polyethylene bags, and then taken to the laboratory at ambient temperature and stored at 4 o C until use.
Culture Medium and Isolation
In the experiment, all media were prepared anaerobically. The basal medium (BM) contained (per liter distilled water) K After enrichment, the sample slurry was diluted and added to agar roll tubes with 1% (w/v) cellulose powder for isolation using a roll tube technique [19] . The tubes were incubated at 60 o C and the single colony with clearing zone was picked up and transferred into fresh medium for further study.
Morphology Studies
Gram-stain reaction and endospore staining were examined as described previously [42] . Negative staining and transmission electron microscopy (TEM) were used to study the morphology of the isolate [8] . TEM microscopy was performed using a JOEL JEM-1230 transmission electron microscope. -free nitrogen gas for 1 week. The pH range for growth of the isolate was examined by turbidity (OD 600 nm). The isolate was anaerobically grown in the medium containing 0.5% (w/v) cellobiose at 60 o C and different pHs (6.5-10.5) using the following buffer solutions to adjust the pHs of media: pH 6.5-8.0, phosphate; pH 8.0-9.0, glycine-NaOH; pH 9.0-10.5, carbonate. In the case of temperature, the isolate was grown anaerobically in the same medium at pH 9.0 and various temperatures. Biochemical and physiological tests were conducted using standard methods. Fatty acid methyl esters (FAMEs) were analyzed by the Identification Service of the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany using the TSBA40 method.
16S rRNA Gene Sequencing
Genomic DNA was prepared with a Qiamp DNA Stool kit (Qiagen), as described by the manufacturer's protocol. The 16S rRNA gene was amplified by PCR using following primers: 8F (5'-AGAGTTTGATC CTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3'). The PCR protocol used was the Qiagen manufacturer's protocol. The sequence determined (1,418 bp) was compared with references available in the GenBank/EMBL database using the BLAST program [1] .
Nucleotide Sequence Accession Number
The 16S rRNA gene sequence of the strain BT14 was deposited in the GenBank database under the accession number FJ392610.
Adherence Test of Bacterial Cells to Insoluble Polysaccharides
A test of cells adhesion to insoluble substances was performed by a modified method of Bayer et al. [4] . The bacterium was grown on corn hull and harvested at the exponential growth phase by centrifugation. The cells were washed three times with carbonate buffer saline (CBS) containing 0.15 M sodium chloride in 0.1 M carbonate buffer (pH 9.0). The washed cells suspension (about 5 mg of cells in 1 ml of CBS) was brought to total volume of 3 ml with 2 ml of 20% (w/v in CBS) insoluble polysaccharides. The mixture was allowed to settle at room temperature for 3 h. The turbidity (OD 400 nm) of the suspension was measured and compared with that of an identical cell suspension wherein CBS was substituted for the insoluble polysaccharide suspensions.
Production of Enzymes
The isolate was cultivated in a serum vial that consisted of BM with 1% (w/v) corn hull under anaerobic conditions. The culture was incubated in a rotary incubator at 200 rpm, pH 9.0 and 60 o C, and harvested at day 7 (late-exponential growth phase) by centrifugation at 10,000 ×g for 10 min. The supernatant was used as an extracellular crude enzyme.
Enzyme Assays
All assays were conducted in triplicate. The enzymatic activities toward cellulose powder (cellulase), Avicel (avicelase), and oat spelt xylan (xylanase) were determined. One hundred and twenty-five microliters of the crude enzyme was mixed with 125 µl of 1% (w/v) cellulose powder, Avicel, or oat spelt xylan suspension in 50 mM carbonate buffer, pH 9.0, and incubated at 60 o C for 10 min. The release of reducing sugars was determined by the Somogyi-Nelson method [43] using glucose or xylose as a standard.
One unit (U) of enzyme activity was defined as the amount of enzyme producing 1 µmole of reducing sugars in 1 min under the assay conditions.
The β-xylosidase assay mixture consisted of 0.9 mM p-nitrophenyl-β-D-xylopyranoside in 50 mM phosphate buffer (pH 7.0) and enzyme to give a final volume of 1.1 ml. The reaction mixture was incubated for 30 min, and then 2.0 ml of 0.4 M sodium carbonate was added to terminate the reaction. The amount of p-nitrophenol released was measured by monitoring the optical density at 405 nm. β-Glucosidase, cellobiohydrolase, and arabinofuranosidase activities were measured under the same conditions as β-xylosidase activity, as mentioned above, using 1 mM p-nitrophenyl-β-D-glucopyranoside, 1 mM p-nitrophenyl-β-D-cellobioside, and 0.83 mM p-nitrophenyl-α-L-arabinofuranoside as substrates, respectively. The acetyl esterase assay mixture consisted of 1 mM p-nitrophenylacetate in 50 mM Tris-HCl buffer (pH 7.0) and enzyme to give a final volume of 2.5 ml. The substrate, dissolved in 50% (v/v) methanol, was prepared immediately prior to use. After 10 min of incubation at 30 o C, the amount of p-nitrophenol released was measured by monitoring the optical density at 405 nm. β-Xylosidase, β-glucosidase, cellobiohydrolase, arabinofuranosidase, and acetyl esterase activities were expressed as µmoles of p-nitrophenol released per minute per milliliter of enzyme solution.
pH and Temperature Optima and Stability of Enzymes
The optimal pH for enzyme activities was determined by using different buffers (50 mM) ranging between 6.0 and 11.0 (pH 6.0-8.0, phosphate; pH 8.0-9.0, Tris-HCl; pH 9.0-11.0, carbonate) and the optimum temperature for enzyme activities was determined between 30 and 70 o C at pH 9.0. pH stability was conducted by incubating the enzymes at pH between 6.0 and 11.0 for 3 h at 60 o C. Thermostability was determined by incubating the enzymes at 60 and 65 o C at pH 9.0 for 3 h.
Polysaccharide Binding Assay and Protein Elution
Protein binding assay was performed by a modified method of Pason et al. [39] . Protein (100 µg) was mixed with Avicel or xylan (50 mg) in a phosphate buffer saline (PBS) containing 0.1 M sodium chloride in 1.5 M phosphate buffer (pH 7.0) in a final volume of 1 ml and incubated on ice for 1 h with mild stirring. After centrifugation, the supernatant was run on native polyacrylamide gel electrophoresis (native-PAGE) and the amount of protein was determined by the Lowry method [31] . The amount of protein bound to Avicel or xylan was estimated from the difference between the amounts of protein before and after incubation. The ratio (%) of the protein bound to Avicel or xylan to the total protein added into the assay mixture was defined as relative binding.
To collect cellulose-binding protein, the Avicel was washed 3 times with PBS to remove unbound protein, and then eluted with 2% (v/v) triethylamine. The eluate was dialyzed, concentrated, and assayed for enzyme activities.
Gel Electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in a 10% polyacrylamide gel [26] . Cellulase and xylanase zymograms were studied by using 0.1% (w/v) CMC or soluble oat spelt xylan copolymerized with 10% polyacrylamide together with 0.1% (w/v) SDS for denaturing condition [40] , whereas native-zymograms were performed similar to zymograms but SDS, β-mercaptoethanol, and heat were not required. Gels were incubated with 50 mM carbonate buffer at 60 o C for 10 min. After incubation, the gels were stained for residual polysaccharides with 0.1% (w/v) Congo red solution for 30 min at room temperature with mild shaking and destained with 1 M NaCl. The gels were fixed with 5% (v/v) acetic acid after clear bands occurred.
Cohesin-Specific PCR Amplification
The DNA was amplified with the following primers: cohF (5'-GCA GTAAGGATTAAGGTGGAC-3') and cohR (5'-TCCAACAATTACT CCACCG-3'). The primers were specifically designed by using the coh4 gene of C. thermocellum ATCC 27405 (GenBank Accession No. L08665) as a template to bind the cohesin-encoding gene. 
Detection of Bacterial Purity
To assess purity, the 16S rRNA-based PCR assay was conducted as described by Erbeznik et al. [12] with minor modification. In brief, the DNA was amplified with C. thermocellum species-specific oligonucleotide primers: Cth-P (5'-AACTGCAGTCGAGCGGGGAT ATACGGAAG-3') and Cth-E (5'-AAGAATTCCTTCGTCCCCAAT CAAGAAG-3'). The PCR reaction was performed with following 
Hydrolysis of Plant Biomass
Each plant biomass [1% (w/v)], such as corn hull, corn cob, rice straw, rice bran, and sugarcane bagasse, was hydrolyzed with the crude enzyme containing cellulase and xylanase activities at 1.1 and 3.6 U/mg protein, respectively, at pH 9.0 and 60 o C; the total volume was 2 ml. After incubation for 2 h, the samples were taken and the amount of reducing sugars released was determined by the SomogyiNelson method [43] using xylose as the standard. The plant biomass used was prepared as follows: each was cut by scissors to a small size, and then ground in a blender and sieved through 40-mesh size. After being washed several times with warm water to remove residual sugars, the plant biomass was dried at 50 o C and kept until use.
GC Analysis of Fermentation Products
The day-7 culture supernatant of corn-hull-grown cells was taken and analyzed for fermentation products by gas chromatography (Shimadzu model GC 14 A) equipped with a flame ionization detector. The column used for separation was a Carbo-pack B-DA/4% carbowax 20 M column.
RESULTS
Isolation of a Microorganism
Bacteria were screened for the degradation of plant biomass from soils. During enrichment, one consortium showing vigorous growth in the medium containing corn hull as the sole carbon source under anaerobic conditions at pH 9.0 and 60 o C was chosen and serially diluted on cellulose agar roll tubes. After incubation, out of 125 isolates, one isolate that showed the largest clearing zone on a cellulose agar roll tube was designated as strain BT14 and selected for further study.
The strain BT14 was deposited at the MIRCEN Culture Collection, Thailand Institute of Scientific and Technological Research (TISTR), Bangkok, Thailand and Korean Collection for Type Cultures (KCTC) under accession numbers TISTR1899 and KCTC5875, respectively.
Morphological Characteristics
Cells of the strain BT14 were Gram-positive and rod-shaped, 2.0-5.0 µm in length and 0.1-0.3 µm in width, when grown in BM containing 0.5% (w/v) cellobiose. The organism was spore-forming. The spores were oval to spherical and located terminally. Flagella were not present, as indicated by negative staining. The TEM showed the Gram-positivetype cell wall and one external mucous layer (Fig. 1) .
Physiological Properties and Fatty Acid Profile
The strain BT14 grew under strictly anaerobic conditions. No growth was observed when cells were exposed to O 2 . Table 1 . The cellular membrane of the strain BT14 comprised considerable amounts of saturated and few unsaturated fatty acids. The major fatty acids were C16:0 (22.47%), C18:0 (14.07%), iso-C15:0 (14.05%), and C14:0 (10.01%). All detected fatty acids including unknowns are listed in Table 2 . Interestingly, there were no matches of fatty acid profiles found in the standard library TSBA40, provided by MIDI, Inc.
Phylogenetic Analysis Based on 16S rRNA Gene Identity The determined sequence with 1,418 bp of the 16S rRNA gene sequence of the strain BT14 (GenBank Accession No. FJ392610) was compared with the sequences deposited in the NCBI nucleotide database ( Table 3 ). The closest relatives (99% identity) of the 16S rRNA gene sequences for the strain BT14 was Tepidimicrobium xylanilyticum PML14 and microorganisms whose species have not been identified yet (i.e., Tepidimicrobium sp. HUT8118, Clostridium spp. and uncultured bacteria).
Adherence of Cells to Insoluble Polysaccharides
As cellulolytic and xylanolytic enzyme complex-producing bacteria have the ability to bind to cellulosic materials, an adherence test was carried out on the strain BT14 at the late-exponential growth phase. Introduction of insoluble polysaccharides such as Avicel, xylan, and corn hull reduced the turbidity of washed cell suspension of the strain BT14, indicating that the bacterium had binding ability. The strain BT14 was able to bind to Avicel, xylan, and corn hull with 33.0%, 27.7%, and 56.7% binding, respectively. Corn hull was the most suitable substrate for the cells to adhere. The porosity of its structure might promote adsorption between the cells and the substrates.
Characterization of Enzymes
The enzymatic activities of the crude enzyme were assayed for cellulase, avicelase, and xylanase activities. The specific activities for cellulase, avicelase, and xylanase were 1.1, 2.4, and 3.6 U/mg protein, respectively.
The pH profiles for cellulase and xylanase were studied. Both cellulase and xylanase were active in a broad pH range (pH 6.0-11.0). The optimum pH for cellulase was at pH 8.0, whereas that for xylanase was at pH 9.0 (Fig. 2) . Both enzymes were fully stable at pH 9.0 for 3 h at 60 o C (data not shown). The temperature optima were found to be 60 o C at pH 9.0 for both cellulase and xylanase (Fig. 3) . The enzymes were stable up to 60 o C for 3 h at pH 9.0 (data not shown).
Polysaccharide Binding and Protein Elution
The crude enzyme at the late-exponential growth phase was tested for its ability to bind to insoluble polysaccharide, Avicel. The protein was able to bind to Avicel with 41% binding. As shown in Fig. 4A , lane 1, before binding, there were 3 proteins, namely P1, P2, and P3, in the crude enzyme. After binding, the concentration of protein P1 decreased significantly, whereas the concentrations of proteins P2 and P3 remained nearly constant (Fig. 4A, lane 2) . The small amount of protein P1 left in the supernatant might be caused by desorption during binding [46] . In addition, the crude enzyme could bind to xylan (38%). This result suggests that protein P1 has high affinity to crystalline cellulose and xylan. The cellulolse-binding protein P1 was isolated by washing with the buffer and using triethylamine as an eluent to desorb the protein from Avicel. The eluted P1 appeared as a single band on native-PAGE (Fig. 4A, lane 3) .
Protein and Zymogram Analysis
The crude enzyme from culture supernatant of the strain BT14 at the late-exponential growth phase was investigated using zymogram analysis for detection of enzyme activity, and native-and SDS-PAGE for study on protein patterns. The crude enzyme exhibited 3 proteins on native-PAGE (Fig. 4A , lane 1) and about 13 proteins in a molecular mass range of 28 to 227 kDa on SDS-PAGE (Fig. 4C, lane 1) . Protein P1 showed both cellulase and xylanase activities on native zymograms (Fig. 4B, lanes 1 and 2) , whereas cellulase and xylanase activities were not detected in proteins P2 and P3. The activities remaining at the top of the gels were possibly due to the high molecular size of protein P1. In contrast, proteins P2 and P3 should be proteins other than cellulase and xylanase. When the crude enzyme was subjected to zymograms, 6 proteins in a molecular mass range of 30 to 227 kDa had cellulase activity (Fig. 4D , lane 1) and 7 proteins in a molecular mass range of 28 to 227 kDa had xylanase activity (Fig. 4E , lane 1). Four proteins with the sizes of 92, 148, 221, and 227 kDa showed both cellulase and xylanase activities. The eluted P1 was also analyzed by native-and SDS-PAGE and zymograms. The eluted P1 (Fig. 4A, lane 3 ) exhibited cellulase and xylanase activities on native zymograms (data not shown). SDS-PAGE separated components of eluted P1, showing at least 11 proteins (Fig. 4C, lane 2) with a molecular mass range of 30 to 227 kDa. Zymograms revealed 4 proteins (30, 92, 148, and 227 kDa) having cellulase activity (Fig. 4D, lane 2) and 5 proteins (55, 92, 148, 221, 227 kDa) having xylanase activity (Fig. 4E, lane 2) . Moreover, the eluted P1 contained activities of β-xylosidase (0.22 U/mg protein), acetyl esterase (0.20 U/mg protein), α-Larabinofuranosidase (0.52 U/mg protein), cellobiohydrolase (0.03 U/mg protein), and β-glucosidase (0.09 U/mg protein).
Searches for Cohesin Domain in the Strain BT14 Genome A search for a scaffoldin (cellulosome organizing protein) using cohesin 4 module-based primers was performed on the genome of the strain BT14. The PCR products of the strain BT14 were run and stained with ethidium bromide. DNA amplification with cohesin-specific primers produced a fragment with target size of 429 bp (Fig. 5 ) that was identical in size to the coh4 sequence with 99.1% identity. The analysis of amino sequences revealed high identity (99.1%) between the amino sequences of the strain BT14 and the protein CipA domain 4 (data not shown). Only the amino acid at position 48 was different. The amino acid for BT14 was leucine, whereas that for C. thermocellum was isoleucine. To investigate whether the 924-bp product of the strain BT14 was related to cohesin domains, the DNA fragment was extracted, purified from the gel, and sequenced using the same primers, with the expectation that the extended cohesin sequence might be obtained. Unfortunately, only a partial sequence of 322 bp was obtained, which was possibly due to the specificity of the primers. However, the obtained sequence revealed high identity (>95%) to the known coh4 sequence of C. thermocellum as well as the 429-bp fragment. The results suggest that the genome of the strain BT14 might contain multiple copies of cohesin domains with high similarity to that of C. thermocellum [3] .
Assessment of Bacterial Purity
Genomic DNAs obtained from cultures of the strain BT14 and C. thermocellum were observed for purity using C. thermocellum-specific primers. The targeted 409-bp product was obtained when C. thermocellum was tested, whereas no detectable PCR products appeared when the strain BT14 was used as a source of DNA (data not shown).
Hydrolysis of Plant Biomass
Hydrolysis of plant biomass by the crude enzyme was investigated. The reducing sugars released from corn hull, corn cob, rice straw, rice bran, and sugarcane bagasse were 92.66, 68.19, 66.99, 55.35, and 54.55 mg/g protein, respectively.
Fermentation Products
The fermentation products of the strain BT14 grown in corn hull medium were acetate (48.60 mM), ethanol (29.64 mM), propionate (3.64 mM), butyrate (2.04 mM), and iso-butyrate (1.75 mM). Unlike C. thermocellum, the strain BT14 did not produce lactate as the main fermentation product (Table 1) .
DISCUSSION
T. xylanilyticum BT14 was found to be an alkalothermoanaerobacterium able to degrade plant biomass with respective cellulolytic and xylanolytic enzymes. The cell was rodshaped and Gram-positive. The cell had a thick cell wall and one external mucous layer surrounding the cell. This feature is usually found in cellulose-grown cells [51] . One of the best characteristics of the strain BT14 is that it is able to grow in broad ranges of pH and temperature. The strain BT14 was collected from soil sample at the edge of a shrimp-cultivation pond located near the sea, with a wide range of conditions. Under heterogeneous environments, cells must adapt themselves for survival. Carbon sources are essential elements for microorganisms during the period of growth and metabolic process [30] . The strain BT14 could grow on soluble and insoluble polysaccharides including plant biomass such as corn hulls. In terms of enzyme production, the use of corn hulls as a carbon source, which is inexpensive and abundantly available, will reduce the cost of enzyme production.
DNA sequence analysis is an objective, reproducible, rapid, and widely used means of identification [30] . According to 16S rRNA gene sequences deposited in the NCBI database, the best-known microorganisms with validly published names that appeared to be closely related to the strain BT14 were T. xylanilyticum PML14 and T. ferriphilum SB91 with 99% and 93% similarities, respectively. Apart from Tepidimicrobium species, the strain BT14 is also highly close (99%) to undescribed bacteria Clostridium spp. strains EBR-02E-0599 and PML1-3, and uncultured Clostridium, Bacillus, and bacterium clones, in which their sequences were obtained from methanogenic fermentors, wastewaters, and composts in order to study the diversity of microbial population and to construct the 16S rRNA clone library. Despite the relatively high 16S rRNA gene sequence similarity, the definition of bacterial species is unable to rely entirely on sequence similarity of rRNAs. Therefore, the comparative analysis among them is omitted owing to insufficient concisely published detail for comparisons between taxa [23, 44] . Furthermore, the phenotypic characters of those cultured Clostridium strains need to be performed in order to precisely confirm phylogenetic lineages. It has been suggested that organisms with percentage of homology more than 97% based on 16S rRNA gene sequence are likely to be a member of the same species [45] . However, the different phenotype, especially in the ability for dissimulatory sulfur reduction, is consistent in retrieving the strain BT14 from genus Clostridium [14] . Therefore, the strain BT14 is permitted to place into genus Tepidimicrobium according to 16S rRNA gene sequence similarity and phenotypic features. The results of morphological and physiological characteristics (i.e., the reduction of nitrate, Fe(III), and sulfur; glucose fermentation; xylanolytic activity; absence of indole; and profile of fermentation products) support the affiliation of this bacterium to T. xylanilyticum species. However, the strain BT14 differs from the strain PML14 in term of carbon utilization. In addition, the atypical profile of fatty acids suggests the strain BT14 has its unique and original type of fatty acids in the cellular membranes. Based on a number of evidences conducted in the present study, we propose the strain BT14 as a type strain Tepidimicrobium xylanilyticum BT14.
The cellulase and xylanase from the strain BT14 are active in broad ranges of pH and temperature. The optimum pH and temperature for cellulase and xylanase are 8.0 and 9.0, and 60 o C, and the enzymes exhibit good stability when incubated at 60 o C in pH 9.0, suggesting that those are alkaline and themostable enzymes [33, 35] . The capability of the enzymes from this strain to hydrolyze crystalline cellulose suggests a true cellulase activity. Zvereva et al. [52] reported that the optimum pH of xylanase from a haloalkaliphilic bacterium strain Z-7026 was less alkaline than cellulase. However, in this present study, the pH optimum for xylanase was more alkaline than cellulase. This difference might be caused by the difference in charge residues located at the binding sites of those enzymes. Some industries such as laundry detergent, leather, and paper require alkaline and thermostable enzymes [15, 18] . Although a number of alkaline and thermostable cellulases and xylanases are known, most of them are usually confined to Bacillus and Thermomonospora [15, 20, 33] . This study is likely to be the first report to demonstrate that genus Tepidimicrobium seems to have strains that produce cellulases and xylanases that are active at alkaline and high temperature environments.
The multienzyme complex is a large molecular weight protein consisting of numerous catalytic enzymes arranged on the core protein, together with CBM to help the cell adhere to the substrate. The multienzyme complex is located on the surfaces of the cells and dissociated from the cell surfaces when the cells are in the late-exponential growth phase, and displaying catalytic activities toward crystalline cellulose and related polysaccharides such as xylan and other hemicelluloses, indicating a combination of different types and compositions of cellulases and hemicellulases in the structures [3] . As the ability to bind to crystalline cellulose has suggested a feature of multienzyme complexes, protein P1 was of interest since it was able to bind to Avicel and xylan and had cellulolytic and xylanolytic enzyme activities. Analysis of protein P1 by gel electrophoresis and zymograms indicated the protein occurred in a form of a multienzyme complex containing 4 cellulases and 5 xylanases, whereas zymogram analysis of the crude enzyme exhibited 6 cellulases and 7 xylanases. Moreover, the multienzyme complex also exhibited β-xylosidase, β-glucosidase, cellobiohydrolase, acetyl esterase, and α-Larabinofuranosidase activities, which were important for complete hydrolysis of polysaccharides in lignocellulosic materials. Thus, protein P1 is designated as a cellulolytic and xylanolytic enzyme complex based on the compositions. The predominant activity of strain BT14 multienzyme complex was xylanase activity, and avicelase activity was noticeable. The most investigated multienzyme complex, cellulosome of C. thermocellum, contains about 15 cellulases and 6 xylanases [10] . The C. cellulovorans cellulosome comprises 8 cellulases and one xylanase, and the cellulosome from C. josui consists of 3 cellulases, but none of xylanases. Among them, the cellulase activity was the most important [11] . Cohesins and dockerins are fundamental components for cellulosome assembly, and they turn out to be unique in different microorganisms. It is quite special that the genome of the strain BT14 was found to encode protein similar to cohesin domain 4 of C. thermocellum scaffolding protein. To eliminate the possibility either of a coculture or gene contaminants, the culture was checked for purity with C. thermocellum-specific primers, showing no contaminations. The profile of the fermentation products, physiological properties, as well as carbon utilizations, especially pentoses, prove the significant differences between the strain BT14 and C. thermocellum. The phenomenon that two distinct species share some identical nucleotides is possibly due to lateral gene transfer from organism to organism. We presume that the cellulolytic and xylanolytic enzyme complex of the strain BT14 might be formed in a similar manner of cellulosome.
The cellulolytic and xylanolytic enzyme complex from the strain BT14 could efficiently hydrolyze plant biomass, which exists as tightly packed and complex structures in nature. The binding ability to insoluble polysaccharide is very important for effective degradation [3] . Besides binding ability to crystalline cellulose, the enzyme complex also adhered to xylan, suggesting the presence of cellulose and xylan-binding factors, which have effects on binding ability to cellulose and xylan, presumably to facilitate cellulose and xylan hydrolysis by bringing catalytic domains in close proximity to the substrates. Moreover, cooperation of multiple cellulases and xylanases in the complex, together with a complete set of cellulolytic and xylanolytic enzymes, enhance plant biomass degradation [9, 39, 48] . Among the plant biomass, corn hull was the best substrate to hydrolyze, yielding the highest amount of reducing sugars, followed by corn cob, rice straw, rice bran, and sugarcane bagasse. The factors affecting enzymatic degradation of lignocellulosic materials are lignin contents, parts of plant materials, compositions, and structures that varied from plant to plant [22, 28] .
The strain BT14 grown on corn hull at pH 9.0 and 60 o C produced ethanol and acetate as the main fermentation products. Plant biomass fermentation at elevated temperature for ethanol production has received increased attention owing to the potential use of thermophilic microorganisms as biocatalysts [13, 27] . The ability of the strain BT14 to use a variety of sugars offers benefits, since plant biomass constitutes various kinds of sugars, including pentose. The utilization of sugars at high temperature by most thermophilic microorganisms renders them as effective hosts for ethanol production from low-cost lignocellulosic materials [38] . Moreover, as the alkaliphilic bacterium, the strain BT14 might be subsequently added for saccharification with minor pH modification after alkaline pretreatment of plant biomass in the ethanol industry.
In conclusion, the strain BT14 has been isolated from a soil sample in Thailand and represents a new type strain within the species of T. xylanilyticum. Cellulases and xylanases from this strain are alkaline and thermostable enzymes, and cellulolytic and xylanolytic enzymes appear as a complex, which is believed to form in a similar way to the cellulosome assembly. Ethanol and acetate are produced as the main fermentation products when the strain BT14 is grown on corn hull under alkaline and high temperature conditions. Identification of a possible scaffolding protein is under way, to give more information on the cellulolytic and xylanolytic enzyme complex produced by this strain.
